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Reovirus nonstructural protein sNS exhibits a ssRNA-binding activity thought to be involved in assembling the reovirus
mRNAs for genome replication and virion morphogenesis. To extend analysis of this activity, recombinant sNS (rsNS) was
expressed in insect cells using a recombinant baculovirus. In infected-cell extracts, rsNS was found in large complexes ($30
S) that were disassembled into smaller, 13–19 S complexes upon treatment with RNase A. RsNS also bound to poly(A)–
Sepharose beads both before and after purification. Treatment with high salt during purification caused rsNS to sediment in
even smaller, 7–9 S complexes, consistent with more complete loss of RNA. To localize the RNA-binding site, limited proteolysis
was used to fragment the rsNS protein. Upon mild treatment with thermolysin, 11 amino acids were removed from the amino
terminus of rsNS, and the resulting protein no longer bound to poly(A). In addition, when rsNS in cell extracts was treated
with thermolysin to generate the amino-terminally truncated form, it sedimented at 7–9 S, also consistent with the loss of
RNA-binding capacity. To confirm these findings, a deletion mutant lacking amino acids 2–11 was constructed and expressed
in insect cells from a recombinant baculovirus. The mutant protein in cell extracts showed greatly reduced poly(A)-binding
activity and sedimented as 7–9 S complexes. These data suggest that the first 11 amino acids of sNS, which are predicted
to form an amphipathic a-helix, are important for both ssRNA binding and formation of complexes larger than 7–9 S. © 1998
Academic Press
INTRODUCTION
Members of the Reoviridae family of double-stranded
RNA (dsRNA) viruses—including rotaviruses, orbivi-
ruses, and orthoreoviruses—each devote at least 2 of
their 10 to 12 genome segments to encoding nonstruc-
tural proteins, which are synthesized in infected cells,
but are not assembled into mature progeny virions. In
most cases, the roles of these proteins in the virus life
cycles remain poorly understood; however, many of the
nonstructural proteins show a capacity to bind RNA and
are thought to be involved in packaging and/or replicat-
ing the viral genomes during assembly (for a review of
these steps with rotaviruses and reoviruses see Patton
(1995) and Nibert et al. (1996), respectively). In this study,
we focused on sNS, a nonstructural protein of mamma-
lian reoviruses, in an effort to learn more about its func-
tion as an ssRNA-binding protein.
The genome of reoviruses comprises 10 segments of
dsRNA. Upon infection, virally encoded enzymes that
accompany the genome into the cell mediate transcrip-
tion of each of the 10 segments to yield 10 full-length
mRNAs (reviewed by Shatkin and Kozak, 1983). Multiple
rounds of transcription yield multiple copies of each
mRNA, which are extruded into the cytoplasm cotrans-
criptionally (Bartlett et al., 1974). Unlike most eukaryotic
mRNAs, the reovirus mRNAs do not contain a 39 poly(A)
tail; however, viral enzymes within the transcriptase par-
ticle add a eukaryotic cap 1 (dimethylated) structure to
the 59 end of each viral transcript (Furuichi et al., 1976;
Furuichi and Shatkin, 1977), which enhances their capac-
ity to undergo translation to generate the 11 or 12 primary
translation products of reoviruses (Shatkin and Both,
1976). In addition to serving as templates for translation,
the mRNAs are recruited into the replication pathway for
assembling new progeny virions, where they serve as
templates for minus-strand synthesis to generate the
genomic dsRNA segments. The need to select at least
one each of the 10 different RNAs to reconstitute an
infectious virion, a process called assortment, makes
this an interesting problem in RNA recognition and is a
process in which sNS is thought to participate.
The sNS protein is encoded by the reovirus S3 ge-
nome segment and comprises 366 amino acids (41 kDa).
When isolated from reovirus-infected mouse L cells,
most sNS is found in large complexes (40–60 S), which
include the viral mRNAs and are disassembled into
smaller complexes by treatment with RNase A or 0.5 M
KCl (Huismans and Joklik, 1976). Other studies suggest
that sNS from infected L cells is also found in two types
of smaller complexes, 13–19 S and 4–5 S, the former of
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which may also contain RNA (Gomatos et al., 1980, 1981).
Although there is some evidence that sNS binds to a
specific small region of each reovirus mRNA (Stamatos
and Gomatos, 1982), other data indicate that both sNS
from infected L cells (Huismans and Joklik, 1976; Goma-
tos et al., 1981) and a recombinant form of sNS ex-
pressed in Escherichia coli (Richardson and Furuichi,
1985) can bind to ssRNA in a sequence-independent
fashion. In addition, although earlier data suggest that
sNS can mediate an RNA-dependent RNA polymerase
activity (Gomatos et al., 1980, 1981), more recent data
suggest that this is not the case (Richardson and Furui-
chi, 1985; Starnes and Joklik, 1993). Other recent data
obtained with monoclonal antibodies to reovirus proteins
confirm that viral proteins sNS, mNS, and s3 become
associated with the reovirus mRNAs soon after they are
synthesized and before the onset of minus-strand syn-
thesis (Antczak and Joklik, 1992). In sum, observations
about the capacity of sNS to bind ssRNA, including the
reovirus mRNAs, have led to a model that sNS plays a
role in recruiting the viral mRNAs for assembly into
progeny virions and perhaps also in presenting them for
minus-strand synthesis (Antczak and Joklik, 1992). The
RNA2 phenotype of a temperature-sensitive mutant
(tsE(320)) whose lesion maps to the S3 gene encoding
sNS (Cross and Fields, 1972) is consistent with this
conclusion.
In this study we further analyzed the capacities of sNS
to bind ssRNA and to form rapidly sedimenting com-
plexes, as part of an effort to define its role(s) in the
reovirus life cycle. To obtain the protein in large amounts
and in the absence of other reovirus proteins, we ex-
pressed a recombinant form of sNS (rsNS) in insect cells
using a recombinant baculovirus. Using a poly(A)–
Sepharose bead-binding assay and velocity sedimenta-
tion, we showed that rsNS binds ssRNA in a sequence-
independent fashion and can be found in complexes of
three distinct size ranges. In addition, using partial pro-
teolysis and deletion mutagenesis, we showed that
amino acids near its amino (N) terminus are required for
efficient ssRNA binding and formation of the two types of
larger complexes.
MATERIALS AND METHODS
Recombinant baculovirus containing the reovirus type
1 Lang (T1L) S3 gene
The dsRNA genome segments from purified virions of
reovirus T1L were isolated as described (Nibert et al.,
1990). The dsRNA was denatured by boiling, and oligo-
nucleotide primers complementary to 20 nucleotides at
the 39 and 59 ends of the T1L S3 gene segment (Univer-
sity of Wisconsin Biotechnology Center DNA Sequencing
and Synthesis Facility, Madison, WI) were annealed. A
cDNA copy of the S3 segment was produced using a
cDNA copy kit including the AMV reverse transcriptase
(Invitrogen, San Diego, CA). The cDNA was then used as
a template for second-strand synthesis and amplification
using Vent DNA polymerase (New England Biolabs, Bev-
erly, MA) in the thermal cycling protocol provided with
the kit. The resulting DNA product was purified from a 1%
agarose gel using a Geneclean II kit (Bio101, Vista, CA)
and then blunt-end ligated into the EcoRV site of the
pBSII-KS vector (Stratagene, La Jolla, CA). The clone was
sequenced using a Sequenase kit (USB, Cleveland, OH)
and found to contain three nucleotide changes from the
published sequence for the T1L S3 gene (Wiener and
Joklik, 1987), all of which are silent in the encoded pro-
tein. The S3 gene was cut from the pBSII-KS vector at the
EcoRI and XhoI sites and cloned into the same sites in
the pEV35K vector under the control of the baculovirus
AcMNPV polyhedrin promoter (Lerch and Friesen, 1993).
To generate recombinant baculoviruses, the pEV35K vec-
tor was linearized and cotransfected into Spodoptera
frugiperda 21 (Sf21) cells along with parental baculovirus
(AcMNPVD35K) DNA that lacked the gene for p35, an
apoptosis-suppressor protein (Lerch and Friesen, 1993).
Eight virus plaques were selected, four of which were
passaged in Sf21 cells and found to overexpress the
rsNS protein.
Protein electrophoresis
Discontinuous SDS–polyacrylamide gel electrophore-
sis (SDS-PAGE) was performed as described (Hames,
1981; Jayasuriya et al., 1988). Samples were prepared by
diluting 1:1 with 23 sample buffer (250 mM Tris (pH 8.0),
4% b-mercaptoethanol, 2% SDS, 0.02% bromophenol
blue) and boiling for 2 min. Single-percentage gels were
run in a minigel format (Bio-Rad Laboratories, Hercules,
CA), in which case the samples were run through the
stacking gel at 8 mA and the resolving gel at 26 mA until
the dye front was near the bottom of the gel. Gradient
gels (5–15 or 5–20%) were run in a standard-gel format
(Gibco BRL, Gaithersburg, MD), in which case the sam-
ples were run through the stacking gel at 16 mA and the
resolving gel at 50 mA until the dye front was near the
bottom of the gel. Unlabeled proteins were visualized by
staining with Coomassie brilliant blue R-250 (Sigma
Chemical Co., St. Louis, MO), and the gels were dried
between sheets of cellophane (Idea Scientific, Minneap-
olis, MN). 35S-labeled proteins (see below) were visual-
ized by PhosphorImaging (Molecular Dynamics, Sunny-
vale, CA) after drying onto filter paper under vacuum.
Estimates of Mr were determined using gradient gels
and were calculated by comparisons with marker pro-
teins using linear regression analysis. Sets of high- or
low-molecular-weight protein standards (Sigma) were
used in different experiments. Electrophoresis in tricine–
SDS–polyacrylamide gels (10–16.5% gradients) was per-
formed as a modification of described methods (Scha¨g-
ger and von Jagow, 1987).
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Velocity sedimentation
Sixty-millimeter dishes of AcMNPV.LS3-infected Sf21
cells were incubated with 50 mCi/ml [35S]methionine/
cysteine (Tran35S-Label; ICN Biomedicals, Irvine, CA) in 2
ml of Grace’s methionine-free medium (Sigma) starting at
45 h postinfection. At 48 h, the cells were washed with
PBS (137 mM NaCl, 3 mM KCl, 8.4 mM Na2HPO4, 1.6 mM
KH2PO4) and incubated with lysis buffer (10 mM Tris–
HCl, pH 7.5, 2.5 mM MgCl2, 0.5% Triton X-100, 5 mg/ml
leupeptin, and 1 mM phenylmethylsulfonyl fluoride (PMSF))
for 30 min on ice. The insoluble proteins were pelleted by
centrifugation at 500 g for 15 min, and the supernatant
containing rsNS was collected and layered atop a 5–20%
sucrose gradient. The sucrose solutions were made in
lysis buffer lacking leupeptin and PMSF. The gradients
were run at 4°C at 40,000 rpm (;200,000 g) in an SW41
rotor (Beckman Instruments, Fullerton, CA) for either 8 or
15 h. Twenty-seven-drop fractions were harvested from
the top of each gradient using an automated fractionator
(ISCO, Lincoln, NE), and 20 ml of each fraction was used
for SDS–PAGE on 5–15% SDS–polyacrylamide gels. Thy-
roglobulin (;670 kDa, 19 S) (Sigma) and gamma-globulin
(156 kDa, 7 S) (Sigma) were used as size markers. The
markers were run on an identical sucrose gradient along
with the associated experimental samples, collected by
fractionation, and detected by A280.
Purification of sNS
Sf21 insect cells were infected with AcMNPV.LS3 at 10
PFU per cell. At 48 h postinfection, the cells were har-
vested, washed with PBS, and incubated with lysis
buffer. After the insoluble proteins had been pelleted,
soluble proteins in large complexes were sedimented
through a 40% sucrose cushion for 4 h at 45,000 rpm
(;165,000 g) in an SW50 rotor (Beckman). All of the
sucrose solutions were in TE buffer (10 mM Tris, 1 mM
EDTA, pH 7.5) containing 150 mM KCl. Several of the
proteins, including sNS, formed a pellet which was then
resuspended in 150 mM KCl–TE buffer. The resuspended
proteins were sedimented through a 15–40% sucrose
gradient for 4 h at 36,000 rpm (;150,000 g) in an SW41
rotor. The fractions from all gradients were subjected to
SDS–PAGE, and the rsNS was visualized by Coomassie
staining. Fractions containing rsNS were pooled and the
proteins were precipitated with ammonium sulfate at
40% saturation. The precipitate was solubilized, treated
with 100 mg/ml RNase A (room temperature, 30 min), and
centrifuged through a 5–20% sucrose gradient for 8 h at
40,000 rpm in an SW41 (Beckman) rotor. The fractions
that contained rsNS were pooled, and the protein was
again precipitated with ammonium sulfate (40%) to con-
centrate it. The precipitate was resuspended in PBS at
an approximate concentration of 1 mg/ml and dialyzed
with PBS to remove the ammonium sulfate. At this point,
rsNS was $95% pure by SDS–PAGE and Coomassie
staining. The fractions from all gradients were subjected
to SDS–PAGE, and the rsNS was visualized by staining.
Poly(A)–Sepharose bead-binding assay
The assay was adapted from a published protocol
(Kiledjian and Dreyfuss, 1992; Siomi et al., 1994). Briefly,
protein samples were diluted to 25 or 36 ml (depending
upon whether or not they were radiolabeled) with binding
buffer (10 mM Tris–HCl, pH 7.5, 2.5 mM MgCl2, 0.5%
Triton X-100). Six or seven microliters was removed to
serve as the input sample for SDS–PAGE. The remaining
sample was diluted to 500 ml with binding buffer and 60
ml of poly(A)–Sepharose beads were added (Pharmacia
Biotech, Piscataway, NJ). The samples were incubated at
4°C for 1 h with agitation, after which the beads were
pelleted and the supernatant was removed. The beads
were washed five times with binding buffer containing
0.2 M NaCl to remove proteins that were nonspecifically
associated with the beads. The beads were then resus-
pended in 55 ml of 23 sample buffer and boiled for 5 min
to elute the bound proteins. The eluted proteins (‘‘bound’’
sample) were also analyzed by SDS–PAGE.
N-terminal sequencing
N-terminal sequencing was performed as described
previously (Nibert and Fields, 1992) after blotting to poly-
vinylidene difluoride membrane (Applied Biosystems,
Foster City, CA) (Matsudaira, 1987). The sNS band was
excised from the blot, and amino acid analysis and
N-terminal sequencing by Edman degradation were per-
formed at the University of Michigan Protein and Carbo-
hydrate Structure Facility (Ann Arbor, MI).
Recombinant baculovirus containing LSD31-60
The two-primer method of site-directed mutagenesis
was used to loop out nucleotides 31–60 from the T1L S3
gene and to introduce a unique XhoI site at another
position in the gene (Deng and Nickoloff, 1992; Wong and
Komaromy, 1995). Primers were obtained from Gibco
BRL. Clones were screened for the mutations by diges-
tion with XhoI. Nucleotide sequencing of the S3 se-
quences in a selected clone (LS3D31–60) (University of
Wisconsin Biotechnology Center DNA Sequencing and
Synthesis Facility) indicated that nucleotides 31–60 had
been deleted and that no other changes had occurred.
To create the recombinant baculovirus, the newly mu-
tated gene was removed from the pGEM-4Z (Promega,
Madison, WI) vector at the XhoI and KpnI sites and
cloned into the same sites in the pFastBac 1 plasmid
(Gibco BRL). The recombinant virus (AcMNPV.LS3D31–
60) was then generated using the recommended proto-
col (Gibco BRL).
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In vitro transcription and translation
The T1L S3 gene was subcloned into the pGEM-4Z
vector (Promega) at the HindIII and BamHI sites under
control of the T7 promoter. The resulting plasmid was
linearized with SmaI, KpnI, or HincII to permit generation
of transcripts including the full length of sNS-encoding
sequences, sequences encoding sNS amino acids 1–
188, or sequences encoding sNS amino acids 1–118,
respectively (restriction enzymes from New England Bio-
labs). Runoff transcription was performed using T7 RNA
polymerase (Epicentre Technologies, Madison, WI). The
RNA was translated in the rabbit reticulocyte lysate sys-
tem (Promega) using Tran35S-Label (ICN) to radiolabel
newly translated proteins.
RESULTS
Sedimentation analysis of sNS in Sf21-cell extracts
A recombinant baculovirus was constructed to provide
high-level expression of the reovirus T1L sNS protein in
insect Sf21 cells (see Materials and Methods). A 43K
protein was expressed at high levels by this virus (AcM-
NPV.LS3), but not wild-type baculovirus AcMNPV, and
was specifically detected in Western blots by a poly-
clonal antiserum raised against a C-terminal portion of
sNS that had been expressed in E. coli (unpublished
data). The recombinant 43K protein, henceforth designated
rsNS, comigrated in gels with sNS from T1L reovirus-
infected mouse L cells, which was also specifically de-
tected in Western blots by the polyclonal antiserum. Maxi-
mal levels of rsNS expression were observed at 48 h
postinfection of Sf21 cells with 10 PFU of AcMNPV.LS3 per
cell. The majority of rsNS was judged to be soluble by its
presence in a cytoplasmic fraction of these cells.
The sedimentation behavior of rsNS was analyzed to
compare with that of sNS from reovirus-infected cells.
Huismans and Joklik (1976) showed that when a cyto-
plasmic extract from reovirus-infected mouse L cells was
subjected to velocity sedimentation through a sucrose
gradient, the sNS protein appeared in a broad zone
between 40 and 60 S. If RNase A was added before
centrifugation, however, sNS remained near the top of
the gradient, suggesting that sNS is found in large ss-
RNA-containing complexes within infected cells (Huis-
mans and Joklik, 1976). To determine if rsNS forms sim-
ilar complexes in insect cells, cytoplasmic extracts of
AcMNPV.LS3-infected Sf21 cells were loaded onto su-
crose gradients. Upon centrifugation, rsNS sedimented
in a broad zone between 10 S and the bottom of the
gradient ($30 S) (Fig. 1A). In contrast, when extracts
were treated with RNase A before centrifugation, the
sedimentation of rsNS was slowed, with most appearing
between 13 and 19 S (Fig. 1B). These findings indicate
that most sNS from AcMNPV.LS3-infected Sf21 cells is
found in complexes containing RNA, most likely ssRNA.
The 13–19 S complexes of rsNS that result from RNase
A treatment appear similar to complexes previously ob-
tained from reovirus-infected cells (Gomatos et al., 1981;
Stamatos and Gomatos, 1982). Since 13–19 S is much
larger than expected for a globular monomer of the
41-kDa sNS protein (3.5 S; Dong et al., 1995), the findings
suggest that these complexes include multiple copies of
sNS and/or other components such as undigested RNA.
In addition, since complexes of rsNS sedimenting at
13–19 S were observed after times of RNase A treatment
up to 120 min (data not shown), it appears that these
complexes represent a defined product of disassembly
of the larger complexes by this enzyme.
Sedimentation analysis of purified rsNS
To aid in studies of sNS structure and function, we
devised a purification scheme for rsNS based on a
previous one by Huismans and Joklik (1976) (see Mate-
rials and Methods). Large amounts of purified protein
were obtained and found to be stable for weeks upon
storage at 4°C in the presence of protease inhibitors.
Most of the purified protein was judged to be intact at the
primary sequence level by the fact that it comigrated in
gels with the protein from cytoplasmic extracts.
Purified rsNS protein was analyzed by velocity sedi-
mentation in sucrose gradients to determine if it re-
mained in nucleoprotein complexes. The purified protein
sedimented between 7 and 9 S (Fig. 2) indicating that the
13–19 S complexes present after RNase A treatment at
an early step in the purification had dissociated at some
later step(s). To determine if treatment with high salt,
FIG. 1. Sedimentation of rsNS in the presence and absence of
ssRNA. Cytoplasmic extracts of [35S]methionine/cysteine-labeled AcM-
NPV.LS3-infected Sf21 cells were loaded onto 5–20% sucrose gradients
with (B) or without (A) addition of 50 mg/ml RNase A and brief incuba-
tion at room temperature. After centrifugation (8 h, 40K rpm, SW41 rotor)
and fractionation, equal volumes of each fraction were then analyzed
on a 5–15% SDS–polyacrylamide gel. Radiolabeled proteins in the dried
gel were detected by PhosphorImaging. Positions of the 7 and 19 S
sedimentation markers (indicated at top) were determined using an
identically prepared sucrose gradient, which was subjected to centrif-
ugation at the same time as the sNS-containing extracts. The markers
were detected by measuring the A280 of each fraction.
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notably the ammonium sulfate (40%, 1.7 M) precipita-
tions, had caused the change in sedimentation, the
13–19 S fractions from a gradient of RNase A-treated
rsNS were precipitated with ammonium sulfate. The re-
suspended rsNS sedimented between 7 and 9 S in a
sucrose gradient (data not shown), indicating that the
precipitation procedure had indeed caused the 13–19 S
complexes to dissociate. Despite the decrease in appar-
ent size, the 7–9 S form of sNS still sedimented faster
than expected for a globular monomer of a 41-kDa pro-
tein (3.5 S), suggesting that it may still be in some form
of complex, such as a sNS oligomer.
In vitro ssRNA binding by rsNS in Sf21-cell extracts
and purified rsNS
To perform more direct tests of the ssRNA-binding
activity of rsNS from AcMNPV.LS3-infected Sf21 cells, we
analyzed this activity in vitro using a poly(A)–Sepharose
bead-binding assay (Kiledjian and Dreyfuss, 1992; Siomi
et al., 1994). This assay was chosen because previous
work had shown that sNS from reovirus-infected L cells
bound to a poly(A)–Sepharose column (Huismans and
Joklik, 1976). Poly(A)–Sepharose beads were added to
the cytoplasmic fraction of infected Sf21 cells and the
mixture was incubated at 4°C with agitation. Following
washes to remove unbound protein, bound protein was
eluted by boiling the beads in gel sample buffer. SDS–
PAGE revealed that rsNS bound to the poly(A) beads as
did a 60K cytoplasmic protein (Fig. 3, lane 3). Bovine
serum albumin, used as a negative control, exhibited
minimal binding to the poly(A) beads (Fig. 3, lane 1). As
a positive control, sNS from reovirus-infected L cells was
tested and shown to bind to the poly(A)–Sepharose
beads (data not shown). To determine if rsNS remains
functional at ssRNA binding after purification in our mod-
ified protocol, we also tested its capacity to bind to
poly(A) beads. The purified protein did in fact bind to
poly(A) (Fig. 3, lane 2, bound). These data indicate that
the poly(A)–Sepharose bead-binding assay is a useful
one to study the nonspecific ssRNA-binding activity of
sNS and that the purification procedure for rsNS did not
disrupt its capacity to bind to ssRNA in this assay.
Partial proteolysis of rsNS
To identify which regions of rsNS are important for
RNA binding, we performed limited proteolysis in an
effort to cleave the purified protein into separate do-
mains. Of several proteases tested, thermolysin gave the
simplest pattern and was used in subsequent experi-
ments. Treatment of rsNS at 37°C with low concentra-
tions of thermolysin (1 mg/ml in Fig. 4, input, lane 2)
yielded rsNS that was reduced in size by 1–2K (Mr '
41.2 6 0.4K). Treatment with higher concentrations of
thermolysin (10 mg/ml in Fig. 4, input, lane 4) yielded
further cleavage into two smaller, and presumably com-
plementary, fragments (Mr ' 25.9 6 0.3K and 16.8 6
0.6K). The 41K, 26K, and 17K fragments of rsNS were
stable up to 60 min at 37°C under the respective condi-
tions (data not shown). In contrast, after rsNS was de-
natured by boiling with SDS, it was rapidly degraded into
small peptides with 10 mg/ml thermolysin (data not
shown). Both the relative resistance of purified rsNS to
cleavage and the generation of characteristic 41K, 26K,
and 17K fragments appear to reflect that limited regions
of sequence in this protein are sufficiently accessible
and flexible for thermolysin to cut under these condi-
tions. An identical pattern of digestion was obtained with
rsNS in Sf21-cell extracts (see below), providing evi-
dence that the purification protocol does not have a
substantial effect on the basic structure of sNS.
The reduction in size by 1–2K to yield the 41K form
FIG. 3. Poly(A)–Sepharose bead-binding activity of purified rsNS. The
capacity of rsNS to bind ssRNA in vitro was monitored by a poly(A)–
Sepharose bead-binding assay. Input lanes contain aliquots of sam-
ples removed before exposure to the beads. The bound lanes show
protein that was incubated for 1 h at 4°C with poly(A)–Sepharose
beads. Following this incubation, the beads were washed to remove
unbound proteins, and the bound protein was then stripped from the
beads by boiling in SDS-containing sample buffer. The following pro-
tein samples were assayed: bovine serum albumin (lane 1, input and
bound), purified rsNS (lane 2, input and bound), and a cytoplasmic
extract of AcMNPV.LS3-infected Sf21 cells (lane 3, input and bound).
The samples were analyzed on a 10% SDS–polyacrylamide gel, and
proteins in the dried gel were visualized by Coomassie staining. Posi-
tions of molecular weight markers are shown at left. In this experiment,
the input and bound samples on the gel represented protein from 17
and 83%, respectively, of the initial sample.
FIG. 2. Sedimentation of purified rsNS. Purified rsNS was sedi-
mented through a 5–20% sucrose gradient (15 h, 40K rpm, SW41 rotor).
After fractionation, equal volumes of each fraction were analyzed on a
5–15% SDS–polyacrylamide gel. Proteins in the dried gel were visual-
ized by Coomassie staining. Sedimentation markers were analyzed as
in Fig. 1.
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indicates that there is a thermolysin-sensitive region at
the N or C terminus of rsNS. Similar results were ob-
tained after mild treatments with trypsin or chymotrypsin,
suggesting that this terminal region is hypersensitive to
proteolysis. To ascertain the site of cleavage, we pre-
pared the thermolysin-generated 41K form of rsNS for
N-terminal sequencing. The sequence obtained (IKRDDV)
indicated that 11 amino acids were removed from the N
terminus of rsNS (Wiener and Joklik, 1987) and that
cleavage occurred to the N-terminal side of an isoleu-
cine residue, consistent with thermolysin’s specificity.
Small quantities of a second sequence (KIKRDD) were
also obtained, indicating that a competing cleavage re-
moved 10 amino acids from the N terminus of rsNS. The
basis of this alternative cleavage remains unknown. The
26K and 17K fragments of rsNS, which were also ob-
tained with trypsin digestion, suggest that there is an
additional protease-sensitive site or region near the cen-
ter of the protein; however, the site of that cleavage
remains to be determined.
RNA binding and sedimentation of rsNS after partial
proteolysis
To determine if the thermolysin-generated fragments
of purified rsNS were able to bind ssRNA, samples were
assayed for activity in vitro using the poly(A)–Sepharose
bead-binding assay. Full-length (43K) protein bound to
poly(A) (Fig. 4, bound, lanes 1 and 2) as did a small
amount of the 41K form in a partially cleaved sample (Fig.
4, bound, lane 2). The 41K rsNS in this case was under-
represented in the bound relative to the input sample
(Fig. 4, input, lane 2). The 41K protein in a more thor-
oughly cleaved sample, which contained little or no 43K
form, showed no detectable binding to poly(A) (Fig. 4,
bound, lane 3). Similarly, neither the 26K nor the 17K
fragment in more thoroughly cleaved samples detectably
bound to poly(A) (Fig. 4, bound, lanes 3 and 4). In sum,
the results suggest that once 1–2K is cleaved from rsNS,
including 11 amino acids from the N terminus, the protein
has a substantially reduced capacity to bind to poly(A).
The small amount of 41K rsNS that was bound to poly(A)
in the presence of full-length (43K) rsNS (Fig. 4, lane 2)
may reflect binding mediated by the 43K rsNS subunits
in mixed oligomers containing both 43K and 41K sub-
units (see Discussion).
To determine the effect of protease treatment on the
large RNA-containing complexes of rsNS, we incubated
cytoplasmic extracts from AcMNPV.LS3-infected Sf21
cells in the absence or presence of 10 mg/ml thermolysin
and subjected the samples to velocity sedimentation
through sucrose gradients. Without thermolysin treat-
ment, rsNS sedimented near the bottom of the gradient
as expected (Fig. 5A). RsNS treated with 10 mg/ml ther-
molysin, in contrast, sedimented in two positions. 43K
(apparently full-length) and some 41K (trimmed) rsNS
were found near the bottom of the gradient (Fig. 5B). The
presence of 41K rsNS in these fractions may constitute
additional evidence for mixed oligomers of the 43K and
41K forms (see above and Discussion). In addition, a
distinct peak at 7–9 S contained a large amount of 41K
rsNS as well as some of the 26K and 17K fragments (Fig.
5B). We conclude from these findings that once it is
cleaved by thermolysin and thereby diminished in its
RNA-binding capacity, rsNS is present in smaller com-
plexes, which are similar or identical in sedimentation
behavior to those seen with purified rsNS (7–9 S). Co-
sedimentation of the 26K and 17K fragments with the 41K
form suggests that neither of the smaller fragments is
released from the complexes upon cleavage.
To determine the effect of protease treatment on the
RNase A-generated 13–19 S complexes of rsNS, we
performed an experiment using a cytoplasmic extract
from AcMNPV.LS3-infected Sf21 cells that had been
treated with RNase A before incubation with or without 1
mg/ml thermolysin. In the sample treated with RNase A
alone, rsNS remained full length (43K) and sedimented
at 13–19 S as in Fig. 1B (data not shown). In the sample
treated with RNase A and thermolysin, in contrast, rsNS
was trimmed to its 41K form and sedimented at 7–9 S
(Fig. 5C), indicating that the 13–19 S complexes were
further dissociated. In addition, since thermolysin treat-
ment was performed in this case such that little of the
26K and 17K fragments was generated, the results indi-
cate that trimming to yield the 41K form is sufficient to
cause the shift in protein sedimentation to 7–9 S and
thus also suggest that sequences near the N terminus of
rsNS are important for formation of the larger complexes.
FIG. 4. Poly(A)–Sepharose bead-binding activity of rsNS after ther-
molysin digestion. The assay was designed as in Fig. 3. Purified rsNS
was treated as follows: no treatment (lane 1, input and bound), incu-
bated with 1 mg/ml thermolysin for 1 min at 37°C (lane 2, input and
bound), incubated with 10 mg/ml thermolysin for 1 min at 37°C (lane 3,
input and bound), or incubated with 100 mg/ml thermolysin for 10 min
at 37°C (lane 4, input and bound). Proteolysis was stopped by adding
10 mM EDTA to each sample. Samples were analyzed on a 5–20%
SDS–polyacrylamide gel, and proteins in the dried gel were visualized
by Coomassie staining. Positions of molecular weight markers are
shown at left. Fragments of sNS are indicated at right.
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Nearly all rsNS in the sample treated with RNase A and
thermolysin in this experiment (Fig. 5C) was cleaved,
whereas only a portion of rsNS was cleaved in the sample
treated with thermolysin alone (Fig. 5B). This difference was
noted even though the amount of thermolysin used for Fig.
5C was 10-fold less than for Fig. 5B. In fact, treatment with
even a 10-fold higher concentration of thermolysin failed to
cleave all the full-length rsNS in Sf21-cell lysates (data not
shown). These findings suggest that the presence of
ssRNA bound to rsNS in the largest nucleoprotein com-
plexes protects the protein from thermolysin cleavage by
either steric hindrance or a conformational change in rsNS
that occurs upon binding RNA.
RNA binding and sedimentation by an N-terminal
deletion of rsNS
To confirm that sequences near the N terminus of
rsNS are important for RNA binding and formation of
larger complexes, we constructed a new recombinant
baculovirus by inserting a cDNA copy of the reovirus T1L
S3 gene that lacks nucleotides 31–60 (amino acids 2–11
of sNS) under control of the AcMNPV polyhedrin pro-
moter. The recombinant virus (AcMNPV.LS3D31–60) ex-
pressed large amounts of a unique 41K protein at 48 h
postinfection in Sf21 cells. Western blots demonstrated
that this newly expressed 41K protein, henceforth desig-
nated rsNSD2–11, was recognized by the polyclonal
sNS-specific antiserum. To examine the capacity of
rsNSD2–11 to bind ssRNA in vitro, we tested the protein
in Sf21-cell lysates for binding to poly(A)–Sepharose
beads. Compared to full-length rsNS in Sf21-cell lysates,
rsNSD2–11 bound to the poly(A)–Sepharose beads only
poorly (Fig. 6). These findings concur with those obtained
after thermolysin treatment of rsNS in indicating that
amino acids near the N terminus of rsNS are important
for ssRNA-binding activity in vitro.
To determine whether rsNSD2–11 is bound in nucle-
oprotein complexes in infected Sf21 cells, we analyzed
cytoplasmic extracts of these cells by velocity sedimen-
tation in sucrose gradients. Upon centrifugation,
rsNSD2–11 sedimented between 7 and 9 S (Fig. 7),
indicating that this N-terminally truncated form of rsNS
does not form larger complexes in Sf21 cells. In addition,
the sedimentation behavior of rsNSD2–11 was very sim-
ilar to that of thermolysin-trimmed rsNS protein from
Sf21-cell lysates as well as that of full-length, purified
rsNS protein, suggesting that each of these samples
may represent a defined form of the protein that lacks
bound RNA. The findings with rsNSD2–11 and thermo-
lysin-trimmed rsNS thus concur that amino acids 2–11 of
sNS are important for both RNA binding and formation of
complexes larger than 7–9 S.
A trivial explanation for the diminished capacities of
rsNSD2–11 to bind poly(A) in vitro and to form larger
FIG. 6. Poly(A)–Sepharose bead-binding activity of rsNSD2–11. RsNS
(lane 1) or rsNSD2–11 (lane 2) in cytoplasmic extracts from [35S]me-
thionine/cysteine-labeled AcMNPV.LS3 or (AcMNPV.LS3D31–60)-in-
fected Sf21 cells, respectively, were assayed for ssRNA-binding activity
using the poly(A)–Sepharose bead-binding assay. The assay was de-
signed as in Fig. 3, except that the amount of protein in the input was
approximately equivalent to the amount of protein in the assayed
sample. Samples were analyzed on a 10% SDS–polyacrylamide gel,
and radiolabeled proteins in the dried gel were detected and quanti-
tated by PhosphorImaging. Positions of molecular weight markers are
shown at left. In this experiment, the input and bound samples on the
gel each represented protein from 31% of the initial sample. The ratio
of bound over input protein was 0.09 6 0.02 for full-length rsNS and
0.02 6 0.01 for rsNSD2–11.
FIG. 5. Sedimentation of rsNS after thermolysin cleavage. Cytoplas-
mic extracts from [35S]methionine/cysteine-labeled AcMNPV.LS3-in-
fected Sf21 cells were incubated for 10 min at 37°C in the absence (A)
or presence (B) of 10 mg/ml thermolysin. Additionally a sample was
treated with RNase A (100 mg/ml, room temperature, 30 min) and then
incubated for 1 min at 37°C in the presence of 1 mg/ml thermolysin (C).
Proteolysis was stopped with 10 mM EDTA. Samples were then sedi-
mented through a 5–20% sucrose gradient (15 h, 40K rpm, SW41 rotor).
After fractionation, equal volumes of each fraction were analyzed on a
5–20% SDS–polyacrylamide gel. Radiolabeled proteins in the dried gels
were visualized by PhosphorImaging. Sedimentation markers were
analyzed as in Fig. 1.
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complexes in infected cells might have been that it was
misfolded due to the absence of N-terminal sequences.
To address the folding state of rsNSD2–11, we tested its
sensitivity to protease cleavage. Using 10 mg/ml thermo-
lysin, we found that the rsNS D2–11 in Sf21-cell lysates
underwent cleavage in a similar pattern (yielding both
26K and 17K fragments) and at a similar rate as purified
rsNS (data not shown), suggesting that rsNSD2–11 and
rsNS have similar folded structures. The similar sedi-
mentation rates of rsNSD2–11 and purified rsNS (7–9 S)
lend additional support to this idea. We conclude that the
distinct properties of rsNSD2–11 with regard to RNA
binding and complex formation are due to its lack of
amino acids 2–11 and not to a large disruption of its
structure.
RNA binding by C-terminal truncations of rsNS
To begin to address which sequences in rsNS are
sufficient for ssRNA binding, we used in vitro runoff
transcription with T7 polymerase and translation in re-
ticulocyte lysates to synthesize full-length rsNS, rsNS
lacking 177 amino acids from the C terminus (rsNSD189–
366), and rsNS lacking 247 amino acids from the C
terminus (rsNSD119–366) from a copy of the reovirus T1L
S3 gene under control of the T7 promoter. The proteins
were then tested for RNA binding using the poly(A)–
Sepharose bead-binding assay. Despite the absence of
large regions of C-terminal sequences in these trunca-
tions, both retained the capacity to bind to poly(A) in this
assay (Fig. 8). In fact, when the amounts of protein that
bound to RNA were compared to input levels, both trun-
cations were found to bind to poly(A) more effectively
than full-length rsNS (Fig. 8), indicating not only that the
C-terminal sequences are dispensable for a poly(A) bind-
ing activity of rsNS but also that certain of these C-
terminal sequences are inhibitory to binding. In vitro
translated luciferase tested as a negative control bound
to the poly(A)–Sepharose beads only poorly (Fig. 8).
These findings indicate that the 118 N-terminal amino
acids of rsNS are sufficient to mediate ssRNA binding
and provide further evidence that the diminished RNA-
binding capacities of both thermolysin-trimmed rsNS
(Figs. 4 and 5) and the rsNSD2–11 mutant (Figs. 6 and 7)
are not caused by indirect effects on the C terminus
of sNS.
Properties of sNS from reovirus-infected L cells
To compare with findings for rsNS expressed in Sf21
cells, we performed several experiments to determine
the properties of sNS from T1L reovirus-infected L cells.
The results of these experiments (Table 1) indicate that
in every case tested the behaviors of sNS from the two
sources were similar or identical. These results suggest
that findings with rsNS are relevant for understanding
the role of sNS in reovirus infection.
DISCUSSION
Relationship between 7–9 S, 13–19 S, and larger
complexes of rsNS
The sedimentation results in this study and a model
for RNA binding and complex formation can be sum-
FIG. 8. Poly(A)–Sepharose bead-binding activity of rsNSD119–366
and rsNSD189–366, 35S-labeled rsNS (lane 2), rsNSD119–366 (lane 3),
rsNSD189–366 (lane 4), and luciferase (lane 1) were translated in vitro
and assayed for ssRNA-binding activity using the poly(A)–Sepharose
bead-binding assay. The assay was performed as described in Fig. 3
except that 1 3 105 TCA-precipitable counts were used in the assay.
Samples were analyzed on a 10–16.5% tricine–SDS gel, and radiola-
beled proteins in the dried gel were detected and quantitated by
PhosphorImaging. In this experiment, the input and bound samples on
the gel represented protein from 10 and 50% of the initial sample,
respectively. The ratio of bound protein over input protein was 0.02 6
0.01 for full-length rsNS, 0.07 6 0.01 for rsNSD119–366, and 0.22 6
0.07 for rsNSD189–366. Positions of molecular weight markers are
shown at left.
FIG. 7. Sedimentation of rsNSD2–11. Cytoplasmic extracts from
[35S]methionine/cysteine-labeled AcMNPV.LS3-infected (A) or (AcMN-
PV.LS3D31–60)-infected (B) Sf21 cells were sedimented though a 5–
20% sucrose gradient (15 h, 40K rpm, SW41 rotor). After fractionation,
equal volumes of each fraction were analyzed on a 5–15% SDS–
polyacrylamide gel. Radiolabeled proteins in the dried gels were de-
tected by PhosphorImaging. Sedimentation markers were analyzed as
in Fig. 1.
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marized as follows. Prior to RNase A treatment, the
rsNS in cell extracts is found in large complexes ($30
S) that contain RNA. Most features of these com-
plexes, including the number of RNA and protein mol-
ecules, the origin of the RNA (host or viral), and the
regions of RNA to which rsNS binds (internal or ter-
minal), remain undefined. Once the complexes are
treated with RNase A, they migrate between 13 and 19
S. Although RNase A treatment appears to remove
much of the RNA, we hypothesize that small RNA
fragments remain bound in the 13–19 S complexes.
These RNAs may be protected from RNase A cleavage
by binding to rsNS and/or may be small purine-rich
regions that are insensitive to RNase A. We hypothe-
size that the 7–9 S complexes contain only sNS. They
can be unmasked in several ways: exposing 13–19 S
complexes to high salt, treating 13–19 S complexes
with thermolysin, or expressing rsNS as an N-terminal
deletion (rsNSD2–11).
Role of N-terminal sequences in rsNS in binding RNA
and forming larger complexes
Data in this study, obtained by both limited proteolysis
and deletion mutagenesis, indicate that amino acids
near the N terminus of rsNS are important for both
binding RNA and forming or maintaining complexes
larger than 7–9 S. Although the precise role of N-terminal
sequences in these activities remains unproven, the
most likely explanation is that they are directly involved
in RNA binding and that the appearance of sNS in more
rapidly sedimenting complexes reflects the formation of
sNS–RNA complexes. Other data in this study, obtained
using C-terminal truncations from in vitro transcription
and translation, provide evidence that sequences within
the N-terminal 118 amino acids of rsNS are sufficient for
RNA binding, at least in the poly(A)–Sepharose bead-
binding assay. Whether smaller N-terminal regions are
sufficient to bind RNA remains to be determined.
According to predictions for protein secondary struc-
ture, the first 11–13 amino acids of sNS form an amphi-
pathic a-helix, which is followed by a short turn region
(Fig. 9). Thermolysin-mediated trimming of sNS to gen-
erate the 41K form missing the first 11 residues occurs
within a basic region near the C-terminal end of the
predicted helix, suggesting that this region is flexible and
exposed to solvent in the folded protein. Evidence that
the deletion mutant rsNSD2–11 is properly folded also
suggests that the N-terminal region is exposed on the
surface and not integral to the protein’s overall structure.
The following are two simple possibilities for how the
extreme N-terminal region of sNS might contact RNA
and for how these contacts might be lost upon thermo-
lysin cleavage or deletion. One is that the predicted
a-helix itself may mediate important contacts so that
when the helical sequences are cleaved away from the
protein, sNS can no longer bind RNA. The second is that
RNA contacts may be mediated by residues in the pre-
dicted turn region. In that case, thermolysin cleavage
may not remove all the residues in sNS that provide
important contacts with RNA but may affect the local
structure enough that RNA binding is disrupted. Studies
are in progress to map the RNA-binding site in sNS more
precisely. It should be noted that amino acids 1–16 are
completely conserved in the sNS proteins of all reovirus
isolates for which S3 nucleotide sequences have been
determined to date (Goral et al., 1996).
TABLE 1
Properties of rsNS from AcMNPV.LS3-Infected Sf21 Cells and sNS from T1L Reovirus-Infected L Cells
rsNS from AcMNPV.LS3 sNS from reovirus
Sedimentation after RNase A treatment 13–19 S 13–19 S
Sedimentation after RNase A and thermolysin treatments 7–9 S 7–9 S
Fragments generated by thermolysin cleavage 41K, 26K, 17K 41K, 26K, 17K
Binding to poly(A)–Sepharose by full-length (43K) protein Yes Yes
FIG. 9. N-terminal sequences of sNS. (A) Secondary structure pre-
dictions for the extreme N-terminal sequences of sNS. Secondary
structure predictions—using both Chou-Fasman (CF) and Garnier-
Osguthorpe-Robson (GOR) methods—were obtained using the GCG
programs (Genetics Computer Group, Madison, WI). Predictions for
a-helix (a), turn (t), and b-sheet (b) are shown. The site of thermolysin
cleavage to generate the 41K form of sNS is indicated (arrow). The
N-terminal 22 residues of sNS as shown are conserved among reovi-
ruses T1L, type 2 Jones, and type 3 Dearing (Weiner and Joklik, 1987).
(B) Helical-wheel projection for amino acids 1–14 of sNS. Basic resi-
dues are circled. The predicted a-helix is notably amphipathic.
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7–9 S complexes
Evidence in this study that the loss of RNA correlates
with appearance of the 7–9 S complexes suggests that
these complexes contain the sNS protein only. Gomatos
et al. (1981) also observed small (4–5 S) complexes of
sNS from reovirus-infected L cells, which arose from
dissociation of the 13–19 S complexes upon storage. The
13–19 S complexes were stabilized by addition of ssRNA
(Gomatos et al., 1981), providing further evidence that the
13–19 S complexes have an RNA component that the
smaller complexes lack. We were similarly able to show
that purified rsNS, originally in 7–9 S complexes, is
increased in S value upon addition of ssRNA (data not
shown). Since 7–9 S is still larger than expected for a
globular monomer of the 41-kDa sNS protein (3.5 S), our
current hypothesis is that the 7–9 S complexes are small
oligomers of rsNS—most likely dimers, trimers, and/or
tetramers—which do not require RNA for either forma-
tion or maintenance of their oligomeric structure. Studies
to test this hypothesis are in progress.
Role of sNS in reovirus replication
Gomatos et al. (1980, 1981) reported that complexes of
sNS from reovirus-infected L cells exhibited poly(C)-
dependent poly(G) polymerase activity. However, neither
sNS expressed in recombinant plasmid-transformed E.
coli (Richardson and Furuichi, 1985) nor sNS expressed
in recombinant baculovirus-infected insect cells (this
study, data not shown) demonstrates this activity. On the
other hand, l3 expressed in recombinant vaccinia virus-
infected mammalian cells (Starnes and Joklik, 1993) or
recombinant baculovirus-infected insect cells (Farsetta
and Nibert, unpublished) does exhibit poly(C)-dependent
poly(G) polymerase activity, suggesting that the 13–19 S
complexes of Gomatos et al. (1980, 1981) may have
contained small amounts of l3 in addition to sNS. In this
paper, we demonstrate that l3 is not strictly required to
form such complexes since the complexes we have
studied were formed with sNS and no other reovirus
proteins.
The current findings regarding sNS–RNA complexes
are important in light of previous findings that sNS as-
sociates with the reovirus mRNAs soon after they are
made (Huismans and Joklik, 1976; Gomatos et al., 1981;
Stamatos and Gomatos, 1982; Antczak and Joklik, 1992).
This finding has been cited as evidence that sNS plays
a direct role in packaging and replicating the reovirus
genome. It should be noted, however, that there are other
roles that a ssRNA-binding protein like sNS may play in
infection, such as stabilizing the viral mRNAs prior to
translation or packaging, localizing the mRNAs to appro-
priate intracellular compartments for translation or pack-
aging, or enhancing translation directly.
Other Reoviridae
Other viruses in the family Reoviridae have proteins
with similar properties to sNS. The rotavirus NSP2 pro-
tein (35 kDa) forms 10 S multimers that show nonspecific
RNA-binding activity (Kattoura et al., 1992). Multimeriza-
tion of NSP2 is thought to be required for RNA binding
since mutants that cannot form multimers cannot bind
ssRNA (Patton, 1995); however, the RNA-binding region
of NSP2 has not been localized because nearly all de-
letion mutants lack RNA-binding activity (Kattoura et al.,
1992). NSP2 is thought to be essential for forming viro-
plasms in infected cells as well as for packaging and
replicating the viral mRNA during virion morphogenesis
(Patton, 1995). A second rotavirus protein, NSP3 (35 kDa),
also forms oligomers (Mattion et al., 1992) and binds to
the 39 ends of the viral mRNAs (Poncet et al., 1993). The
RNA-binding region of this protein is thought to reside in
a conserved basic region in its N-terminal half (Patton,
1995). In addition, NSP3 copurifies with the cytoskeletal
matrix (Mattion et al., 1992). NSP3 is thought to promote
viral translation by recruiting viral mRNAs to the cytoskel-
eton (Patton, 1995). The bluetongue virus NS2 protein (41
kDa) forms inclusion bodies and also binds ssRNA. The
N-terminal eight amino acids of NS2 are required for
RNA binding, but not for forming inclusions (Zhao et al.,
1994). The NS2 protein from bluetongue and other orbi-
viruses also forms 7 S complexes (Uitenweerde et al.,
1995). Investigating the roles of sNS in the reovirus life
cycle may thus provide insights into the related proteins
of these other viruses as well.
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